Introduction {#Sec1}
============

For many years, continued interest in new bioactive compounds for applications in medicine and agriculture has been observed \[[@CR1]--[@CR8]\]. Physicochemical properties of xenobiotics such as solubility, lipophilicity (hydrophobicity), stability and acid--base character affecting absorption, distribution and transport in biological systems should be determined in the early stages of development. The hydrophobic effect is assumed to be one of the driving forces for passive transport of xenobiotics through bio-membranes and, to a certain degree, responsible for interactions with receptors. This property determining the biological activity of substances was first recognized by Overton, Meyer and Baum \[[@CR2], [@CR4]\], and since that time hundreds of articles, among them some review papers, on the lipophilic properties of different bioactive compounds in medicine, agriculture or environmental chemistry have appeared \[[@CR9]--[@CR16]\].

Lipophilicity is characterized by solute distribution in biphasic liquid system, and its universal scale is represented by the logarithms of the partition coefficients (log *P*) in the case of neutral species or the distribution ratio (log *D*) for ionisable compounds \[[@CR12], [@CR17]\]. In the early 1970s, octanol--water was proposed as a reference system for lipophilicity measurements and to this day remains as a standard for experimental and theoretical investigations. Due to experimental limitations connected with direct measurements of log *P* (log *D*) parameters by shake-flask method, chromatographic techniques are becoming increasingly popular for studying the lipophilic properties of different compounds. Though partition parameters reflect the universal scale of lipophilicity, the chromatographic approach is much more convenient, reproducible, fast and inexpensive. Both types of parameter, i.e. partitioning and chromatographic, are now standardized and officially recommended by the Organization of Economic Co-operation and Development (Guidelines for the Testing of Chemicals).

Although reversed-phase liquid chromatography is most frequently used in studying lipophilicity of xenobiotics, recently new stationary phases imitating biosystems, such as immobilized artificial membranes (IAMs), immobilized proteins \[[@CR7], [@CR10]\], ceramides \[[@CR18]\], keratin \[[@CR19]\] or cholesterol \[[@CR20], [@CR21]\], or alternative techniques such as counter-current chromatography (CCC) \[[@CR22], [@CR23]\] or micellar liquid chromatography (MLC) \[[@CR24]--[@CR32]\] have been proposed for this purpose.

A universal and widely accepted chromatographic lipophilicity descriptor is the retention factor evaluated by RP LC in the system with water as the mobile phase: log *k*~*w*~ in column or *R*~*M*0~ in planar techniques. This value can be calculated from the Soczewiński--Wachtmeister equation \[[@CR33]\]:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ R_{M} = R_{M0} - s\varphi, $$\end{document}$$where *φ* is the volume fraction of organic modifier in the mobile phase, and *R*~M~ and *R*~*M*0~ are retardation parameters corresponding to mixed effluent or water as the mobile phase, respectively. The regression slope *s* is regarded as a characteristic of the specific hydrophobic area of the solute.

Micellar liquid chromatography is a mode of conventional RP LC using a surfactant solution above the critical micellization concentration (cmc) as the mobile phase \[[@CR34], [@CR35]\]. The presence of micelles in the mobile phase is the source of different molecular interactions: solute association with the polar head of the surfactant, solute penetration into the micelle core, adsorption of surfactant monomers on the alkyl-bounded stationary phases as a result of hydrophobic interactions between surfactant tail and alkyl chain, and solute interactions with adsorbed surfactant and alkyl chains. In such systems, solute retention is governed by three different equilibria: solute distribution between the micelles and the bulk phase, solute partition between the stationary phase and the bulk phase, and direct transfer of solute molecules between surfactant-modified surface and the micelles. The latter equilibrium is significant in the case of highly non-polar solutes. Because molecular interactions involving solute depend on its lipophilicity, micellar retention parameters can be considered as lipophilicity descriptors.

According to Foley, there is the following relationship between retention parameter *k* and surfactant concentration in the effluent \[[@CR36]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \frac{1}{k} = \frac{1}{{k_{m} }} + \frac{{K_{AM} }}{{k_{m} }}[M], $$\end{document}$$where \[*M*\] is the total concentration of surfactant in the mobile phase, *K*~*AM*~ is the constant describing solute--micelle binding and *k*~*m*~ is the solute retention parameter at zero micellar concentration, i.e. at surfactant monomer concentration equal to the cmc. The parameters *K*~*AM*~ and *k*~*m*~ can be evaluated from the slope and intercept of experimental 1/*k* versus \[*M*\] relationships. This equation is valid for aqueous solutions of surfactant or mobile phases with the same organic modifier concentrations \[[@CR34]\].

The micellar log *k*~*m*~ parameter is considered analogous to log *k*~*w*~ (*R*~*M*0~) evaluated in reversed-phase chromatography and, as a lipophilicity descriptor, correlated with log *P* values. Various workers applying MLC in lipophilicity studies using different substances \[[@CR24], [@CR29], [@CR33], [@CR34]\] observed linear relationships between micellar and partitioning or chromatographic lipophilicity parameters \[[@CR29], [@CR37]--[@CR39]\], while another reported the curvature of log *k* versus log *P* plots \[[@CR26], [@CR40], [@CR41]\].

In our research, a group of 21 newly synthesized 1,2,4-triazoles \[[@CR42], [@CR43]\], potential antifungal compounds currently being tested for biological activity, were examined for lipophilic properties by liquid chromatography. The advantage of the research method presented herein is the use of planar techniques, TLC and OPLC, with micellar mobile phases. So far, micellar effluents, in contrary to column, have rather rarely been applied in planar chromatography, and there is a lack of reports on this topic. Available articles \[[@CR30], [@CR44]--[@CR47]\] relate to fundamental research and not specific applications. In our previous studies \[[@CR31]\], newly synthesized *N*-phenyltrichloroacetamide derivatives were investigated for lipophilic properties using micellar TLC and OPLC techniques on RP-18W stationary phases, while in the present research, RP-CN plates were applied.

Experimental {#Sec2}
============

Reagents and Materials {#Sec3}
----------------------

The structures of tested 1,2,4-triazoles, synthesized in our laboratory, are presented in Table [1](#Tab1){ref-type="table"}. Sodium dodecyl sulphate (SDS) (for synthesis), tetrahydrofuran and acetonitrile (both of HPLC grade) as well as chromatographic plates RP-CN F~254s~ and RP-8 F~254s~ (10 × 10 cm) were purchased from Merck. Citric acid and Na~2~HPO~4~ (both pure) were supplied from POCh. Distilled water was obtained from Direct-Q 3 UV apparatus (Millipore).Table 1Structures, computed log *P* and log *k*~*m*~ values of tested compoundsNo.R--Alog *Ps*AClog *P*Alog *P*Mlog *P*KowWinxlog *P*2xlog *P*3log *P*~aver.~log *k*~*m*~,~HPLC~log *k*~*m*~,~OPLC~log *k*~*m*~,~TLC~![](10337_2012_2227_Figa_HTML.gif){#d29e665}1CH~3~--CH~2~--CH~2~--2.462.112.682.802.582.562.672.55 ± 0.251.000.730.782CH~3~--CH~2~--CH~2~CH~2~--3.022.523.053.053.003.023.102.97 ± 0.211.230.820.883CH~3~--CH~2~--CH~2~--CH~2~--2.792.583.133.063.073.133.022.97 ± 0.201.310.880.934C~6~H~5~--CH~2~--2.642.583.393.553.303.493.273.17 ± 0.401.460.931.025C~6~H~5~--3.262.793.383.573.393.353.333.30 ± 0.241.480.971.0964-CH~3~--O--C~6~H~4~--2.962.693.363.313.473.263.303.19 ± 0.271.500.931.027Cyclohexyl-3.272.803.663.573.863.613.583.48 ± 0.351.681.021.118C~6~H~5~--CH~2~--CH~2~--3.002.923.713.793.793.653.733.51 ± 0.381.801.051.1692-Cl--C~6~H~4~--3.943.414.044.093.473.973.963.84 ± 0.201.881.211.22104-Br--C~6~H~4~--3.873.494.134.204.284.154.024.02 ± 0.272.221.231.36![](10337_2012_2227_Figb_HTML.gif){#d29e1162}11CH~3~--CH~2~--CH~2~--1.641.841.912.972.252.142.152.13 ± 0.430.850.650.6912CH~3~--CH~2~--CH~2~CH~2~--2.372.242.283.222.672.602.582.57 ± 0.331.120.750.8213CH~3~--CH~2~--CH~2~--CH~2~--2.012.302.363.222.742.712.512.55 ± 0.391.200.830.8914C~6~H~5~--CH~2~--2.152.312.623.712.983.072.752.80 ± 0.521.330.860.9215C~6~H~5~--2.682.522.613.743.072.932.812.91 ± 0.411.320.920.96164-CH~3~--O--C~6~H~4~--2.782.412.593.473.152.842.792.86 ± 0.351.270.810.8717Cyclohexyl-2.302.522.893.723.543.193.073.03 ± 0.511.570.951.0318C~6~H~5~--CH~2~--CH~2~--2.402.652.943.943.473.233.213.12 ± 0.511.681.011.11192-Cl--C~6~H~4~--3.273.133.284.243.153.553.443.44 ± 0.391.791.071.13204-Br--C~6~H~4~--3.583.213.364.363.963.733.513.67 ± 0.362.001.141.25213-CH~3~--C~6~H~4~--2.952.833.103.973.613.373.183.29 ± 0.401.660.981.08

Chromatographic Measurements {#Sec4}
----------------------------

### Micellar HPLC {#Sec5}

A Shimadzu Vp liquid chromatographic system equipped with LC 10AT pump, SPD 10A UV--VIS detector, SCL 10A system controller, CTO-10 AS chromatographic oven and Rheodyne injector valve with a 20-μL loop was applied in HPLC measurements. The stainless-steel RP-8e column (Purospher, 12.5 cm × 4 mm, i.d., 5 μm particle size) was used as stationary phase. All measurements were carried out at 20 °C at flow rate of 1.3 mL min^−1^. The tested compounds, separately dissolved in acetonitrile (about 0.01 mg mL^−1^), were detected under ultraviolet (UV) light at 230 nm. Mobile phases were composed of 0.04, 0.06, 0.08 and 0.1 M SDS in buffer (0.01 M Na~2~HPO~4~/0.01 M citric acid) with 20 % addition of acetonitrile. The dead time values (*t*~0~), measured from solvent peak, were as follows: *t*~0~(0.04 M SDS) = 32.49 s, *t*~0~(0.06 M SDS) = 32.17 s, *t*~0~(0.08 M SDS) = 32.49 s and *t*~0~(0.1 M SDS) = 32.32 s. For calculation of retention factors, average values from at least three experimental data were used.

### Micellar TLC and OPLC {#Sec6}

Sandwich chambers (Chromdes, Poland) used in TLC measurements were saturated with organic modifier of the mobile phase for 15 min before development. In OPLC experiments, OPLC BS 50 chamber (OPLC-NIT, Hungary) in fully off-line mode \[[@CR48], [@CR49]\] was used with the following operating conditions: *V*~r~ = 200 μL, *V*~e~ = 600--700 μL, *u* = 200 μL min^−1^. The substances were dissolved in methanol (0.1 mg mL^−1^), and 1-μL volumes were applied on the plates by a microsyringe. As stationary phase, RP-CN F~254s~ plates were used. In micellar TLC, application of octadecylsilyl (ODS)-type stationary phases as usually used in lipophilicity studies is problematic. Water-rich micellar effluents hardly wet RP-18 or RP-8 phases, which increases so-called thin-layer effects such as mobile phase demixing or phase gradient formation. The application of RP-CN stationary phases not only facilitates chromatographic system equilibration but also reduces the analysis time. As mobile phases, solutions of 0.03, 0.04, 0.06, 0.08 and 0.1 M SDS in buffer were used, modified by constant (20 %, v/v) addition of tetrahydrofuran. Solutes no. 1--4, 7, 8, 11--14 and 21 were detected in UV light at 200 nm by the use of a Shimadzu scanner Cs-9000, and the others at 254 nm by means of a Reprostar 3 video camera and video scan (CAMAG). Each value was determined in duplicate.

### Reversed-Phase TLC {#Sec7}

TLC RP-8 F~254s~ plates were applied as stationary phases. Buffered solutions of acetonitrile and tetrahydrofuran (organic modifiers used in micellar effluents) were used as effluents. Organic solvent concentration, expressed as volume fraction v/v, varied in the range from 0.3 to 0.7, in constant steps of 0.1. All other stages of experiments (application of solutes, development of plates and detection of solutes) were the same as in the micellar TLC technique.

Physiological pH (7.4) of the buffer was fixed before mixing with organic modifier. Micellar mobile phases were filtered through 0.45-μm membrane filter before use.

In micellar and reversed-phase chromatography, the following systems were applied:Micellar HPLC: RP-8e/buffered SDS---acetonitrile (4:1, v/v)Micellar OPLC: RP-CN/buffered SDS---tetrahydrofuran (4:1, v/v)Micellar TLC: RP-CN/buffered SDS---tetrahydrofuran (4:1, v/v)RP TLC1: RP-8/buffer---acetonitrileRP TLC2: RP-8/buffer---tetrahydrofuran

Statistical calculations were performed using Minitab 16 software.

Results and Discussion {#Sec8}
======================

Computed log *P* Parameters {#Sec9}
---------------------------

Partition coefficients log *P*, calculated according to molecular structures by use of program packages available at the Virtual Computational Chemistry Laboratory as described in the literature \[[@CR50], [@CR51]\], are summarized in Table [1](#Tab1){ref-type="table"}. The calculations of log *P* values are based on well-characterized log *P* contributions of separate atoms, structural fragments and intramolecular interactions between different fragments (Alog *Ps*, AClog *P*, KowWin, xlog *P*2 and xlog *P*3) or molecular descriptors (Alog *P*, Mlog *P*) \[[@CR51]\]. Lipophilicity profiles shown in Fig. [1](#Fig1){ref-type="fig"} demonstrate certain discrepancies for particular log *P* values, i.e. Alog *Ps*, KowWin or Mlog *P*. The eigenvalues obtained by applying PCA (Table [2](#Tab2){ref-type="table"}) show that the first principal component accounts for 88.5 % only, while the first three components account for 98.1 %. The results strengthen doubts in relation to computed log *P* values as accurate lipophilicity descriptors, and it seems interesting and reasonable to compare them with experimental chromatographic indices.Fig. 1Lipophilicity profiles of investigated solutesTable 2Eigenanalysis of the correlation matrix of computed log *P* and chromatographic log *k*~*m*~ and *R*~*M*0~ parametersPrincipal componentPCA of log *P* valuesPCA of log *P*, log *k*~*m*~, *R*~*M*0~ valuesEigenvalueCumulative proportion (%)EigenvalueCumulative proportion (%)17.078488.511.60689.320.522195.00.59693.930.251198.10.35596.640.108699.50.18698.050.019799.80.11598.960.0166100.00.05499.370.0034100.00.03799.680.0000100.00.02799.89----0.01399.910----0.007100.011----0.003100.012----0.001100.013----0.000100.0

Chromatographic Lipophilicity Parameters (*R*~*M*0~, log *k*~m~) {#Sec10}
----------------------------------------------------------------

For all solutes, regardless of the chromatographic system, linear relationships corresponding to Eqs. ([1](#Equ1){ref-type=""}) and ([2](#Equ2){ref-type=""}) were obtained (see *R*^2^ values in Table [3](#Tab3){ref-type="table"}); *R*~*M*0~ and log *k*~*m*~ values calculated from these relationships are summarized in Tables [1](#Tab1){ref-type="table"} and [3](#Tab3){ref-type="table"}. Parallel lipophilicity profiles illustrated in Fig. [1](#Fig1){ref-type="fig"} indicate high correlations between chromatographic *R*~*M*0~ and log *k*~*m*~ values and computed log *P* parameters. Both chromatographic and partitioning lipophilicity indices show the same effect of solute structure on lipophilicity. Compounds of type A are more lipophilic than those of type B, indicating the hydrocarbon ring as the decisive factor affecting lipophilicity. Regular, almost linear, increase of lipophilic properties of solutes no. 1--3 or 11--13 and no. 8--10 or 18--20 corresponds to the increase of lipophilic character with substitution of the secondary amine group. Micellar log *k*~*m*~ parameters are visibly lower than *R*~*M*0~ or computed log *P* values, undoubtedly as a result of addition of an organic modifier to the micellar mobile phase.Table 3Parameters of Eq. ([1](#Equ1){ref-type=""}) (RP TLC1, RP TLC2) and Eq. ([2](#Equ2){ref-type=""}) (micellar HPLC, micellar OPLC, micellar TLC) calculated for solutes testedSoluteRP TLC1RP TLC2Micellar HPLCMicellar OPLCMicellar TLC*R*~*M*0~*sR*^2^*R*~*M*0~*sR*^2^$\documentclass[12pt]{minimal}
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PCA was applied to compare computed log *P* and chromatographic (*R*~*M*0~, log *k*~*m*~) parameters, and the results show that the first three components account for 96.6 % (Table [2](#Tab2){ref-type="table"}). The score plot presented in Fig. [2](#Fig2){ref-type="fig"} demonstrates the similarities and dissimilarities between tested substances according to log *P*, log *k*~*m*~ and *R*~*M*0~ values evaluated from different systems: two separate clusters corresponding to solutes with structures of type A and B are formed.Fig. 2Score plot of log *P* log *k*~*m*~ and *R*~*M*0~ values

Detailed evaluation of micellar log *k*~*m*~ parameters as lipophilicity descriptors was carried out by comparing them with partitioning log *P* or *R*~*M*0~ values, using linear regression. For this purpose, Collander-type equations \[[@CR2]\], i.e. direct linear correlations between log *P* and log *k*~*m*~ or *R*~*M*0~ values, were analysed, and the best results are presented in Table [4](#Tab4){ref-type="table"}. In these studies, separate relationships for two groups of solutes tested were obtained. The best linearity was observed between micellar parameters and xlog *P*2, xlog *P*3 and log *P*~aver.~ values, as for HPLC, OPLC and TLC techniques. Analogous relationships corresponding to *R*~*M*0~ values and characterized by much lower coefficients of determination demonstrate that extrapolated *R*~*M*0~ parameters rather poorly correlate with partitioning lipophilicity descriptors.Table 4Correlation matrix for various log *P* versus log *k*~*m*~ or log *P* versus *R*~*M*0~ relationshipsRelationshipsSolutes no. 1--10Solutes no. 11--21*R*^2^Residual mean^2^*R*^2^Residual mean^2^xlog *P*2 versus log *k*~*m*,HPLC~0.9650.0070.9610.008xlog *P*2 versus log *k*~*m*,OPLC~0.9800.0040.9360.014xlog *P*2 versus log *k*~*m*,TLC~0.9720.0060.9380.013xlog *P*2 versus *R*~*M*0,TLC1~0.8330.0350.8670.028xlog *P*2 versus *R*~*M*0,TLC2~0.8130.0400.8970.022xlog *P*3 versus log *k*~*m*,HPLC~0.9440.0140.9650.008xlog *P*3 versus log *k*~*m*,OPLC~0.9540.0110.9450.013xlog *P*3 versus log *k*~*m*,TLC~0.9470.0130.9460.012xlog *P*3 versus *R*~*M*0,TLC1~0.8390.0390.8750.029xlog *P*3 versus *R*~*M*0,TLC2~0.7190.0440.8260.040log *P*~aver.~ versus log *k*~*m*,HPLC~0.9490.0100.9740.005log *P*~aver.~ versus log *k*~*m*,OPLC~0.9590.0080.9400.012log *P*~aver.~ versus log *k*~*m*,TLC~0.9400.0120.9450.011log *P*~aver.~ versus *R*~*M*0,TLC1~0.7510.0510.8220.034log *P*~aver.~ versus *R*~*M*0,TLC2~0.7050.0600.8170.035

Conclusions {#Sec11}
===========

In this work, reversed-phase TLC and micellar HPLC, OPLC and TLC were used to examine a group of 21 newly synthesized 1,2,4-triazoles. Lipophilic properties of substances tested were characterized by micellar log *k*~*m*~, reversed-phase *R*~*M*0~ and computed log *P* values. Similarities between lipophilicity indices were analysed by PCA and linear regression. Highly significant correlations obtained between computed log *P*, especially xlog *P*2, xlog *P*3 and log *P*~aver.~ and log *k*~*m*~ values show micellar chromatography to be an excellent technique for studying lipophilicity of triazoles. Moreover, application of RP-CN stationary phases allowed use of micellar effluents in planar chromatography (TLC and OPLC) measurements. In this work, OPLC seems to be an especially suitable technique due to the significant reduction in reagent consumption and analysis time.
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